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The effects of air oxidati on on c o al may c hange many 
important attributes of the co al such as calorific values, 
solubilities , and solv ~ nt s welling va lues . By s tudyin g the 
effects of air oxidation on the soluble portion of coal , we 
wer e able to study coal oxidation in a new l ight . 
vi 
AIR OXIDATION OF A SOLUBLE COAL EXTRACT 
INTRODUCTION 
It is known that when coal is Soxhlet extracted in 
pyridine, the operation must be performed in an inert 
atmosphere in order to obtain a true solution of the 
( 1 ) 
extract. 
Th e pyridine s olution obtain ed in this manner 
If air is not 
will completely pass a 0.4 micron filter . 
excluded, the solution will plug the filter, indicating the 
presence of colloidal mate r ial. It is also known that if a 
well-preserved pyrid ine solution of a coal extract is dried 
and the residue exposed t o air, the residue will not 
completely redissolve.(1) This indicates that pyridine 
extracts are very suscer ~ ible to ai r oxidation . It also 
suggests that th e s oluble coal material is crosslinked by 
air oxidation , l e adi ng to the inso luble product. Although a 
considerable body of literature exists o n th e o xidation of 
wh o le coals , very little is known about the chemistr y of the 
oxid a tion of coal extracts . We , therefore , d e cided to study 
the effec t s of air oxidation on the pyridine - soluble extract 
o f a bitumino u s coal . 
The pyridine-soluble portion of a 
bituminous coal is considered by man y coal r esearchers to be 
r eprese ntati ve of the orga ni c portion of the whole coal . 
Thus, any chemistry learned about the oxid a tion of the coal 
extract may have relevance to oxidation of the whole coal as 
well. 
1 
2 
Th ere are s e veral a dvantages to stud y i ng the oxidation 
of the sol ub le portion of coal as opposed to ~he whole coal. 
First, by u si ng the soluble fraction rather than the whole 
coal, we gain a new perspective on the ox ida tion of coal. 
Since we start wi th a comple tely soluble material , we are 
assur ed tha t any material that is insolu ble at the 
completio n of our work is due to the oxidation process . 
Also, since our starting material is f il tered bef o re use , 
little or no mineral matt er is p re sent . Thi s is a double 
advan ta ge since we c an assume tha t the mineral matter has 
minimal catalytic e ffec t on the crosslinki ng reactions . It 
also rem oves bands in FT-IR spectra due t o clays and mineral 
matter that obscure area s that gi ve in formation on ether 
link ages or c-o bonds. 
There are four disadvantages to this method . First, 
oxidation o f coal involves a se t of complex 
vary with time, temperature, and humidit y. 
react ions that 
A var ie ty of 
the seco nd products i s realized and may be co nsidered 
disadvantage. Seve ral oxygen functionalities may be 
introduced, some of which may contribute to th e formation of 
crosslinks, while others do not. Es t ers would be considered 
crosslinks , decreasing solubility , while aldehydes would 
not; however , it is not easy to differentiate analytically 
between the two fu nctio nalities. Third , d ue to the lo w 
extractability and general insolubilit y of coal, it is 
difficult to generate a large amount of pyridine-extract for 
our starting material. Finally, great care must be taken to 
ensure t hat after extraction, the soluble material is not 
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exposed to air until uded i n the experiment. The material 
must be prepared and stored either in vacuu m or under 
nitrogen until it is used. 
The basi c a nalytical procedure that we used was as 
follows: Bit um inous coal was exhausti ve ly extracted with 
pyridine. The pyridine was removed to obtain the dry 
extract. The extract was then exposed to air at 150
0
C in a 
drying oven. The oxidized extract was then analyzed by such 
diverse techniques as sol ve n t extractability , solvent 
swelling, FT- IR , and elemental analysis. 
LIT ERATURE REVIEW 
A co nsid e rable body of literature is avai lable on the 
eff ect of air oxidation on c o al , ranging back t o the work of 
( 2 ) Van Krevelen and beyond. However t he majority of this 
work dealt only with the eff ect o f air oxidation on the 
properties of coal ; f or example , how the calorif ic va lue was 
decreased, or how ex t racta b ility in liquefaction pr ocesses 
wa s r educed. Only a sm all portion of th i s literature is 
d i rectly pertinent to o ur work, that b ei ng the port io n 
dealing with h ow ox y ge n is organically bound dur i ng air 
oxidation and h o w th i s pr oce ss aff ects the molec ul ar 
s tructur e of co a l . 
area that wi ll be 
Ther e ar e six prima ry sou rc e s in this 
di sc ussed in this sect ion. ( 1, 3-7) Th e re 
are ot he r i mp ortant s tudi es o n coal oxidation to wh ich the 
reader is r efe r red . (8-13) Eac h will be analyzed, and a 
r evi ew of t he conclusions drawn from each wil l be pr esp.nted . 
Th ese individ ua l conclusion s will be compared and contrasted 
for m et hod ~ use d, r esul t s ob ta ined , and co nclusions d ra wn. 
Finally, our method will be compared as well , showi ng why it 
is a v a lid app roach f o r analysi s of ai r-oxidat i ve 
c r ossli nking. 
Our first so ur ce is the work of Liotta et al . (3) This 
wa s a study of oxidative ~eathering of Illinois No. 6 coal . 
Samples of finely ground coal were placed on a coal pile and 
weathered under am bient conditions for two months. I t was 
5 
Cl e LeI-1 " "e cI t it (l L 2 G ~ ;11 0 r e o x y g (e n ,; " S 0 r e. :J n j c a J 1 y b 0 u n d aft (; , 
t il i S \-I e ,I th e r i n G :; t " P t h ;) nb c f t, r e e x p 0 su r e . A s e I- i e s 0 fIR 
s p e c t ,-;) \oJ a s g c ncr ate d , ;: j t h s u b t I- a c L ion s p e c t r a b '" i r. g 
obtain e d by s ubtr a cting a s pcc tra of th e o r iginaJ materi al 
fr om th e p rodu c t on a o ne -t o - o n e basis . No i n c l-ease \-las 
s ec n in the ca rb o nyl content . HO\-leve r, an ir.cr c ;,se ir. C- O 
et h e r bonds \-la s noted. (Al t hough not di sc usse d, an in creas e 
in phenolic O- H was also seen . This increase may, how ever , 
b e attributed t o a dsorpti o n of water by th e KBr pell e t . ) 
Solv e nt swel lin g analysis of the wea ther e d c oa l sho wed a 
d ec r ease i n s welli n g , with a corresp o ndin g drop in 
plasticity. These obs e rvation s were attr ibuted to th e 
f o rm ation of ether linka g es in the mate rial . A prop os e d 
mecha nis m for this is seen in eq uation s o ne through f our . 
Eqn 1 . Initiatio n 
Eqn 2. Pr o pa gatio n 
1 1 J 
-C-H ---> -c. + O2 ---> -y-O-O. I 1 
I 
- C- O- O 
J 
1 J I 
+ - C- H ---> - C- OOH + - c. 
J J J 
I J 
Eqn 3. Radical displacemer.t -C - OOH + -C. 
J I 
---> -C- O- C- + . OH 
J J 
Eqn 4. Termination 
J J 
I J 
- C· + ·OH ---> - C- OH 
1 1 
I 
2-C· 
J 
I J 
---> -C-C-J J 
It was th eorized that under higher temperatur e, 
produ ct ion of carbonyl functionalilies would b e favor ed . 
Due to the limited number of prec urs o rs available, a fin ite 
number of ether linkages were formed, with the reacticns 
complet ed after two months. The conclusion drawn from t his 
work was that at low t emperature , air oxidation of coal 
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r esulted in ether linkages which reduced solvent swelling 
valu es , and destroyed the plasticity of the coa l . 
Isaacs and Liotta st ud i ed the oxidative weathering of 
Powder River Bas i n Coal . ( 4 ) Samples of this coal were 
grou nd an d exposed to a ir for various pe ri ods of ti me un de r 
ambient conditions . 
Elemental analysis of produ cts showed a 
de c r ease in the H/C ratio , and a dramatic inc re ase in the 
OIC rati o . 
The oxyge n co nt ent increased , wh ile the carbon 
content decr e as e d. 
The heating value of the co a l decreased , 
as did the Pl as ticity and the solve nt swelling value s . A 
larg e portion of the ca rb oxylic acid gro up s were chemically 
decarboxylated, with a corre spon d ing d ecrease in oxygen 
content, which is mo r e than offset by e lemental ox yg en that 
is bou n d during the weathering process. 
Although n o 
defini t e reason fo r these o bservat ions was gi ven, the 
probably explanation fo r many cha ng es obser v ed was the 
formati on of athe r li n ka ges, as seen in the wor k with 
bitum i nous coal as pr ev iously discuss ed . (3) 
Rhoads et al . st ud ied air oXidat ion o f coal at hig her 
tempera tur es. (5) Samples o f coal were f inely gro und, a nd 
placed in air d r ying ove ns at 60 0 C a nd 140 0 C f o r p e riods up 
to several days . 
The sa mples we r e then analyzed by FT- IR 
and the Plasticity of the coal wa s determin e d. 
A se v e r e 
loss in plasticity was seen. Cur ve re so lving methods wer e 
use d on FT- IR spectra, using the reg io n from 2000 cm-1 to 
500 - 1 cm in order to get a b ase 
increase in line. An 
carb on y l functionality over time wa s observed. 
No change in 
arOmatic C-H was determined. 
Some increase i n carboxylic 
7 
J, -1 acid conten t wa s also noted. Bands at 10~0 cm that were 
previously assigned as ethers(3) were instead assigned as 
clays in the mineral matter of the coal. An immedi ate loss 
of aliphatic C-H was noted. 
Conclusions drawn fr om thi s work disag reed with 
find i ngs that ether l i nkages were r es p onsible for the 
decr ease in plasticity that wa s observed . (3) Instead, this 
loss was correlated to the l oss of aliph a tic C-H. A 
sugge s t ed mechanism for th e dec r ease is as follows: 
o 
Eqn 5. 
o 
Ar - CH 2Ar + O2 ---> 
o II 
Ar-C-Ar II + O2 ---> ArCH 
o 
II 
Ar-C-Ar + 
+ HOAr + O2 ---> Ar-COOH + 
o 
/I 
o 
II 
Ar C-OAr 
II 
Ar-C-OAr + O2 ---> 2 Ar-CH + 2 H2 0 + O2 --_ > 2 Ar COOH 
As the loss in plasticity is corr el ated with the loss i n 
aliphatic C- H, the question of wh ether ether linkag es were 
f ormed is con s id e red i rrel eva nt. 
Gethner studied coal oxidatio n using in - situ FT-IR 
( 6 ) difference spectroscopy work. The sampl e s in thi s st udy 
wer e th i n slice sections of a bi umi nou s coal prepar ed wi th 
a micro to me for a thickness of 0 .4 mi cro n s with a s urface 
area of approximately 1 mm 2 on eac h side . Oxy ge n was then 
intr o duced to the s ample. The da ta was th e n s m00th e d. 
Thre e baSic reactions were determined to occur. The first 
was a ro om t empe rature reaction involving reversible bonding 
of oxygen at a free radical site. The second occurred above 
100
0
C 2nd was the formation and decompOSition of 
hydroperoxides. The third was a series of decarbonylation 
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and decarbox y lation r eactions. Conclusions drawn from the 
work were that the se results compare favorab l y with the work 
of Rhoads et al.(5) in regard to formation of carboxylic 
acid s , ketones, esters , and aldehydes. The formation of 
ethers at l o w temperature, as described by Liotta et al.(3) 
was neither conf~rmed no r denied. 
Painter et al. also studied coa l oxidation by FT-IR 
techniques.(7) Samples of coal were pr e pared as pellets 
using potass i um bromide and scanned by FT- I R spectroscop y. 
Difference spectra were p re pa red using Kaol i nite bands at 
- 1 10 35 and 1010 cm as a standard, s ubtracting until bands 
due t o the clay wer e r emov ed. Very little change is seen i n 
the aliphatic C-H bands. No apparent changes in the 
aromatic or aliphatic C-O stretches we r e see n, decreasing 
the li kelihood of ether linkages oc curr i ng. Ester bands 
6 -1 near 17 5 cm appear in la te r stages of oxidation . To 
account for t his r esult, the f ollo wing reactions are 
proposed: 
o 
1/ 
Eqn 6. Ar-O H + HO- C-R ---> 
o 
/I 
Ar-O-C-R + H2 0 
R R 
Eqn 7. HO-Ar- COOH + HO-Ar-C OO H ---> HO-AR-C-O-Ar-COOH + H20 
The conclusio n drawn fr om this work s uggests that e ster 
crosslinks are formed. 
Our final source was a paper by Buchanan et al.(1) on 
the effects of weathering on solvent extraction of coal. In 
this study, coal was art i ficially weathered, then 
s equentially extracted with toluene, tetrahydrofuran (THF), 
N, N-dlmethyl formam ide (D MF ) , a nd pyrid i n e. 
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The resultant 
mater ial wa s analyzed by FT-IR spectroscopy and s ize 
exclusion chromatography (SEC) . It was found that an 80/20 
(V/V) me thanol/ water mixture was effective in removing both 
DMF and pyridine from the coal . The following results were 
obtained: first , ox id ized coal is c o nsid e rably less 
extractable than un oxidize d coal; second, oxidized coal 
yi elde d lower molecular weigh t mater ia l upon ex tracti o n than 
uno xi di zed coa l; third, oxi dized coal produces a colloid al 
mat er ia l upon extraction that will not red issolve in the 
solvent . 
The literature rev ie wed above s uggests t hat oxid ation 
of coals result s in the for mat i on o f crosslinks, ei th e r in 
th e form of este r o r et h er functio nalities . Aldehydes, 
ketones, carbox yli c acids, 
pr obably p r oduced . We 
and perhaps pheno l s a r e also 
b elieved that these s am e 
f unct i o n a l iti e s would be produced when the pyridine - ex t rac t 
of a coal wa s air oxidi zed. Th e primary f oc us of thi s s tudy 
was on the cross l i nking reactions . Crosslink i ng o f t he 
extr act sho uld lead t o a less solu bl e mate rial. Pyr idine -
extractabilities of the o xi d i z ed extract s were, therefore, 
determined to provide a re l ative measure of the ex t ent of 
crosslinking . In additi o n, solvent s well ing experiments o n 
the i ns oluble portion of oxidized extract were performed t o 
provid e a measure of the extent of crosslinking. The more 
crossli nk s in this insoluble extract, the less it should 
swell. Finally, FT-IR a nd elemental analysis of the 
oxidiz e d extract s were used to foll o w chemica l c hanges 
10 
du r ing o xi dation a nd to co mpl eme n t extracta bility and 
swelling experiments . 
EXPERIMENTAL 
Extraction Procedyre 
Ten grams of Western Kentucky NO . 11 coal (WKU 085098, 
high vOlatile A bituminou s , Muhlenberg Co. -60 mesh) were 
placed in a Soxhlet thimble . The thimble was th en placed in 
a normal Sox hlet extraction apparatus and refluxed with 
pyridine u nd er a slight positive pressure of nitrogen. The 
pyridine was stirred at all times . The extraction was 
continued until the pyridine surrounding the th i mble was 
clear of dissolved material. Thi s occurred after 36-48 
hours. The pyridine s olution completely passed a 0.4 5 
mi cro n nylon filter. The pyridine was then removed by roto-
vaporation under reduced pressure at 80 oc. The recovered 
materi al was stirred in a 3 :1 mixture of methanol and wa ter 
under n itrogen for twenty four hour s to r emove any remai ning 
pyridine. It was the n suction filtered through No.2 
Whatman filter paper t o remove the methanol/water mixt ur e . 
The residue was dried overn ig ht In a vacuum oven at 
apprOXimately 0.1 torr and 110 oC. The material was th e n 
stored under nitrogen until it was used in the experiment. 
The average extraction yield over sixteen runs was 10%. 
After this workup, the extract material completely 
redi ssol ved in pyridine. 
El eme ntal analYSis of the original coal (dry mineral 
matter free) and the pyridine-extract yielded the results 
11 
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l isted i n Table I. Note that the coal and extract have 
nearl y the same carbon co nt ents . Th e ex tract has a slightly 
higher hydrogen co nt ent . The n i tr oge n co n tent of the 
extract is nearly that of the original coal, suggesting that 
the methanol/water wash was effec t i ve in removing pyrid i n e 
from th e extract . 
TABLE I 
Elemen t al Analysis of We st er n Kentucky No . 11 Coal 
% C 'f, H % N d 0 %SOr g 'f, Other 'f,MM 
" 
Coal (drrunf) 81. 9 5 .6 1.7 7.5a 3 . 3 22 . 8c 
Pyridine-Extract 78 .9 6 .0 1.5 9 .1 b 4. 2a 0. 3 
a by difference 
b di rect det e rmination 
c calculated according to 1 . 13 As h + 0.47 (Pyrite Su lfur ) 
Co ntr ol Experiment 
To confirm th at any crosslinking obs e rved was due to 
oxidation, a co nt rol e xpe riment wa s run in the fol lo wing 
manner . A sixteen- inch length of half inc h inside diame te r 
quartz tube wa s c ut and sealed at one end with a t orc h. Two 
gra ms of soluble extract mat e r i al wer e gro und i n a mort ar 
and pestle and added t o the tube wh ile tapp i ng the tub e to 
ensure all mat e rial set tled to the bo ttom of the tube . The 
to p of the tube was then connected to a vacuum pump system, 
and, usin g a ne e dle valve, the sample tube was carefully 
e vacuat e d to approximately 0.1 torr. The need le valv e was 
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then clo s ed to is olate the tube. By careful heating with a 
gas torch, the top of the tube was sealed, preser ving the 
vacuum within. The tube was then placed in an oven at 150 0 C 
for four weeks. At th a t time, the tube was removed from the 
oven and broken open. The material from the tube was placed 
i n a Soxhlet thimble and pyridine extracted for several 
hours. The mater i al complete l y redissolved in pyridine, and 
all of the solution passed through a 0 .4 5 micron filter. 
The same experiment was r e peated with the system being 
reduced to a vacuum, and t hen refilling with nitrogen, with 
the same results. Th is confirmed that heat alone would not 
create crosslinks. 
Oxidation of Extract 
The standard sample preparat i on for oxidative 
c r ossl inking was as follows: A known weight of extract 
material which had been stored under nitrogen was weighed 
onto a watch glass and s pread evenly. The starting weight 
in all cases was 3.000 g ± 0.0005 g. Six samples were 
prepared and placed in a circulatin g oven at 150 0 C for 
vario us lengths of t ime. The oven temperature was held at 
o 0 150 ± 2 C throughout the process, with th e only maj o r 
variation in temperature occurring when sam ples were remov ed 
for analysis. The humidity within the oven was not 
controlled. Samples were removed for analysis at one day, 
four days, seven days, four"teen days, twenty-one days, and 
twenty-eight days. 
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Analys i s of We ig ht Changes 
A known weight of extract material, 1 . 5000 grams, was 
placed on a dri ed , tared watch glass and sp read evenly . It 
was then plac ed in a Circ ulating oven at 150 oC. Th e sample 
was removed at periods of o ne day , four days, seven days, 
fourteen day s , twenty-one days , and twenty - eig ht days, and 
allowed to c ool to room t emperat ur e in a desiccator . The 
weight of the sample was the n determined, and the sample was 
replaced in the ove n until the next weig h i ng period . 
was taken to avoid loss or contamination of the sample. 
Workup of Oxidized Extract 
Care 
Appr oxi mately 0.5 grams of oxidized extract was set 
aside for FT - IR a n alysis. The remainder was placed in a 
Sox hlet thimble and extracted with pyr i dine for forty eight 
hours under n i trogen . After the extraction was complete, 
with a clear s upernatant around the thimble , the th imble was 
r emoved, and the pyr i dine insoluble mater ial was dried for 
twenty four hour s in a vac uu m ove n at 0 .1 torr an d 110 oC. 
It wa s then r emov ed from the thimble an d accurately weighed . 
It was then stored under nitrogen for later anal ysis. The 
pyridine - sol uble material was reco vered by roto-vapo r ation 
of pyridine at BOoC , followed by dr y ing at 110 0 C under 
vacuum . It wa s then removed from the flask , weighed , and 
stored under nitr oge n for later st udy. 
The perce n t conversion from soluble to insoluble 
material was calc u lated as in equation B. 
Eqn 8. Insoluble material (g) St a r t ing we i ght of 
extr acted material (g) 
15 
x 100 = percent insoluble 
The weight of insoluble material is used in this calculation 
as it is more easily reco ve red than the soluble mater i al, 
with le ss mechanical l os s . 
Elemental Analysis 
A portion of the oxidized extract was also set aside 
for elemental analysis. A Leco CHN-600 determinator was 
used to determine carbon, hydr og en, and nitrogen content . A 
Lec o RO-478 determinator was used to directly determine the 
oxygen co ntent of the mater ial . The remaining percentage 
was attributed primarily to organic su lfur content, along 
with trace elements . Average ash values on extracted 
material were 0 . 25%. 
FT- IR Analysis 
Inf rare d spectra were also obtained on the oxidized 
ext racts. The instrument used was a Nicolet 5 DXC FT - IR . 
The samples were prepared as fo llows: 1.00 milligrams of dry 
sample wa s weighed out, along with 300 milligrams of dry 
pota ssi um bromide. Th e mixture wa s placed in a Wig-L - Bug 
mixer for fifteen minutes until a homogeneous state was 
achieved . A portion of the sample was then placed in a die 
and compresse d until a trans pa rent pane was formed. The 
sampJes were then analyzed by FT-IR. A background scan was 
obtained prior to each sample for fifty scans at 4 cm- 1 
resolution. The samples were then scanned fifty times at 
16 
4 - 1 . cm resolu tl on, and sto red on disket te. Once stored, the 
data was e asily manipulat ed i n order to focus on and expand 
various sectio n s of the scan, and to perf o rm subtraction 
an al ysis . All sa mp les were pr epa red and analyzed the same 
e veni ng, under the same ambient conditio ns . 
Solvent Swe ll i ng Analy sis 
Solvent swelling studies we re performed on the 
pyrid i ne- i nsolubl e port io n of the oxidized ex tract. The 
samples we re tested us i ng methods developed by Green et 
a I . ( '4 ) Insoluble mat er i al after extractio n was g round 
finely with a mortar an d pestle . The material was th en 
added v ia funn el to a 5 mm i.d . tub e with a flat bottom 
unt il a height of approximately' cm was achieved. The tube 
was then centrifuged for 5 minutes at 175 0 rpm to compact 
the material and get a flat top for meas urement purpose s. 
Aft er centrifugation , the s amp le he i gh t was measur e d to ± , 
mm. Th i s num ber wa s re cor ded as he i ght one , or H,. The 
tub e wa s then lightly tapped against a counter to loosen t he 
material . A solvent was then added u s ing a syringe with a 
l ong need le to ge t all sol vent in wit hout creat i ng a p l ug of 
"we t" ma te rial in the tube with dry m&terial be l ow i t . The 
tube wa s then capped , sha ken to e nsure mixing of s olven t a nd 
s amp le , and set aside f or a period of time, ranging fr om 
fift ee n minutes to one day. After setting , the tube was 
c entrifuged for five minutes, and the height of the samp le 
in th e tube was again measured. This value wa s then 
r eco rded as he ig ht two , or H2 • This process was rep ea ted 
'7 
until a co nstant H2 val ue was achieved. The swelling rat io , 
Q, was calculated as the ratio of H2 to H" according to 
Equation 9. 
Vol ume of swollen coal 
Eqn 9. = Volume of coal 
RESULT S AND DISCUSSION 
Analysis of Extractability 
The original West er n Kentucky No .11 coal used, averag e d 
10% extractable mat eri a l in pyridi ne (16 runs). The 
e x tract ed material used for the o xidation studies wa s 100 % 
soluble i n pyri d ine prio r to oxidation. A comparison of 
oxidation t ime v ers us ex tractab il ity is given in Table II 
and is plo t ted in F i gure 1. An immediat e , sharp decrease i n 
ex tra ctability is observed af ter only o ne day. The 
ex tractability continues to de crease sharpl y until about 
fourteen days, aft e r which the curve flatte ns out. 
Analy sis o f Control Experiment 
Aft e r four weeks, all material in tubes that had been 
placed under vacuum or under nitrogen at 760 t orr rem ai ne d 
100 % soluble in pyridine, even after being exposed to a 
temperature of 150 0 C for that time. Thi s confirmed tha t any 
crosslinks that were in troduc e d wer e due to oxidation , and 
not du e merely t o thermal effects . 
Anal ysis of Weight Los s 
Over a four-week period of time, s amples were weighe d 
t o determine if a net we ig ht loss or gain could be observed. 
Those values ar e shown in Tabl e III. After f o ur day s , a 
very slig ht increase i n weight i s noticed, which remains 
constant after this period . 
18 
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TABLE II 
Extractability of Ox idized Material over Time 
Oxidation Tim e (days) % Extractable 
68.0 
4 37 .0 
7 25. 0 
14 12 .0 
2 1 6 . 0 
28 12.0 
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FIGURE 1 . Oxidation Time Versus Pyridine- Extractability of Oxidized Extract 
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TABLE III 
Analysis o f Ne t Weig ht Loss 
Sample Weight % of Original 
Original 0.9874 100 
1 day 0.9869 99 . 9 
4 days 1.0061 101 . 9 
7 days 1 . 0063 101 .9 
14 day s 1.0079 102.1 
21 days 1.0085 10 2 . 1 
2 8 days 1.0091 102. 2 
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Solvent Swelli ng Analysis 
Aft e r extr uc tion, the insolu ble oxidized extract was 
used in solvent swelli ng studies as previously described. 
Table IV s h o ws the solvent swelling value, Q, for the 
samples from one day to twenty-eight days, with pyridine as 
the s we l ling sol vent . Figure 2 shows a plot of solvent 
swelli ng values with respect to time. As the material is 
oxidized, the swelling ratio, Q, decreasez . This result 
suggests that crosslinks are forming in the material . This 
also ag r e e s with work desc r ibed i n the literatu r e review, 
wh i c h showed that the Q v a lues of coals decrease upon 
oxidation. (3) A more highly crosslinked material will not 
have as great an amount of swelling as a less densely 
crosslinked mat e rial of the same chemical system. Upon 
correlating Q va l ues with extractability, we see that both 
rapidly decrease in the first week, with little or no change 
observed after two weeks . 
A seco nd set of swellings was performed on the twenty -
one days'sample. Various solvents were used. Table V 
presents th e Q values for each solvent. If the solvent used 
for swelling is non-polar (toluene), th e amount of swelli ng 
is l ow . If a basic solvent is used (pyridine and n-
propylamine), a much larger Q value is observed. It is 
interesting that n-propylamine swells the oxidized insoluble 
extract more than pyridine. n-Propylamine is capable of 
do ~ ating ~ accept i ng hydrogen bonds whereas pyridine is 
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TABL E I V 
Sol ven t Swelli ng Va l ues of Extract in Pyridine 
Sa mp le ( day s) Q Value 
1 4 . 0 
4 3 .4 
7 2 . 8 
14 2 . 5 
2 1 2.4 
28 2 . 0 
Q 3 
2 
1 
0 5 10 16 20 26 30 
Oxidation Time, Days 
FIGURE 2 . Solvent Swe l ling Ratios of Insoluble , Ox idi zed Extract ve r sus Oxidation Time 
TABLE V 
Solvent Swelling Va l ues of Extract in Various Solvents 
Solvent Q Value 
Pyridine 2 . 4 
Ethy 1 Ether , . 3 
n.-Propylamine 2 . 9 
Toluen e 1. 4 
Tetrahydrofuran (THF) 1. 5 
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o n l y hydrogen b o nd acceptor . The high oxygen conten t of 
t h is xidi ze I extract ( 20 wt percent) provides sites to 
whic h n-propylamine may denote hydrogen bonds , and this may 
cco unt for the large amount of swelling obse rved in this 
sol ve nt. 
El em e ntal Anal ysis 
Pe r c entages of carbon , nydrogen, nitrogen , and oxyg e n 
w re d i rectly determined, as previously de sc ribed , on all 
samples except for the twenty - one days'sample . All material 
fr o m tha t sample was u s ed in the solvent swelling s tudies. 
The r e su l ts are compiled in Table VI . Note that both ca rbon 
a nd hydroge n co nt ents decr ease , the nitr oge~ co ntent remains 
th e s ame , and t he ox ygen content increases. The d i fferences 
that remain range from 3 . 9 to 6 . 2 percent. A subst antial 
port i on o f the difference i s due t o organic sulfur. The 
o rig i nal coal co nta i ned about 3 . 2 percent organic su l fur 
(dry ash - free) and the ex tract would be expected to contain 
a si mi l ar amount. The ext ract contained only about 0.3 
perc ent ash . 
Tab l e VII sh ows the number 0: millimoles of carbon , 
hydrogen, nit r ogen , and ? xygen i n a gram of the origi nal 
p yr i d i ne ext r act . The number of millimoles of each eleme nt 
i n the oxidized extract was then calculated from the 
lemental analysis and the weight gain values shown in Table 
III . A net los s of carbon and hydrogen and a net gain in 
oxygen is obse rved. There is a linear relationship between 
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TABLE VI 
Elementa l Analy sis of Extract and Oxidized Extracts 
Sampl e ~Carbon ~Hydrogen ~Nitrogen ~Oxyge n ~othera 
Or i ginal 
Extract 78 . 9 6 . 0 1. 5 9 . 1 ~ . 5 
day 75.5 5 .~ 1 .7 12 . 9 ~ .5 
~ days 70.5 4.6 1.6 18 . 5 ~ . 8 
7 day s 6 8 .~ 4 . 1 1. 5 20 . 4 5.6 
14 days 65.8 3 . 7 1. 5 22 . 8 6 . 2 
28 days 65. 1 3 . 5 1. 6 25 . 9 3 . 9 
a by difference 
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TABLE VII 
Millimoles of Elem~ nts per Gram of Original Ext racta 
Sample Carbon Hydroge n Nitrog en Ox ygen 
Original 
Extract 65 . 7 60 . 0 1 . 1 5.7 
day 62 . 9 53 . 9 1. 2 8 . 1 
~ da ys 59 . 9 ~6.9 1 .2 11. 8 
7 days 58 . 1 ~1.8 1.1 13 .0 
1 ~ days 55 . 9 37 . 7 1.1 1~.5 
28 days 55 .~ 35 .7 1 . 2 16.5 
Net Change 
- 10 . 3 -2~.3 0 +10. 8 
a 
mmoles ~ El~m~Dt Ox1di.i:~ d b:~1gbt 1000 = (a t omic weight)lCO Or ig inal weight = 
carbon and hydrogen loss as s h o wn in Figure 3 . 
regression of the d~t a yields the eq uation : 
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A linear 
Eqn 10. mmoles Clost = 0 . 42 (mmo les H lost) + 40 .1 , 
wh ic h tran sla tes to a loss of 0 .4 2 carbon atoms for every 
hydr ogen atom lost. The correlation coefficie nt for the 
data is 0 . 999. 
Likewise , a linear r elationship between carbon loss and 
oxygen gain exists , which is shown in Figure 4. A linea r 
r e gression of the data yields the equatio n: 
Eqn 11. mmo les Clos t = 0 . 99 (mmoles 0 gai ned) + 7 1. 2 , 
which means that one oxygen ato m is gained f o r every carbon 
atom lost . The correlation coeffici ent is -0.991 . 
We do not claim to attach any mechanistic significa nce 
to the stoichiometric r elationship between the eleme n t al 
los- ' s an d gains observed ahove . However, it is sig ni f icant 
tha" the rel ationships observed in Figures 3 and 4 are 
l inear over the entire 28 day oxidation period . It SUg6ests 
that the same set of reacti ons are occurring over th e entire 
period. For exampl ~ , if o n e set of reactions were 
dominat i ng early in the oxidation of the extract , and 
another set of reactions in the l ater stages , then ~ e might 
expect a change in slope in the stoichiomet r ic r elationships 
observed in Figures 3 and 4. This r esult is not observed. 
Table VIII shows the hydr ogen to carbon and oxygen to 
carbon rat ios of the ext ~ act and oxidized extracts as a 
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TABLE VIII 
Hie and ole Ratios 
Sample Hie ole 
Original Material 0 . 90 0.09 
1 day 0 . 86 O. 13 
4 days 0.78 0.20 
7 days 0 . 72 0 . 22 
14 days 0.67 0.26 
28 day s 0 . 65 0. 30 
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function of time. The data is shown in gra phic form i n 
F i u re 5 . Ti,i s observed decrease in H/C ratio and increase 
in Oi C rdtio agrees with previous work of Is aacs et al .(4 ) 
Table IX compares the oxygen co ntents of the sol uble 
and insoluble portions of the oxidized ext ract. The oxygen 
co nt ent of the insol uble portion is much g reater than that 
of the soluble portion up t~ th e first we ek . At fourtee n 
days and after , the oxyge n contents o f both portions are 
identical. Recall that cross l ink i ng occurs rapidly in the 
f irs t week, r esu lting i n a significant am o unt of i nsoluble 
material . We there f o r e expect the ox ygen to be prefer -
entially concentrated in the form of crossl i nks i n the 
insoluble mat er ial. This resu lt is o bs e rved in the first 
week . At fourtee n days and aft e r, no difference in the 
oxygen content is observed . 
fT-IR Ana l vsi s 
FT-IR spectra were obtained on the original extract and 
the ox idiz ed ext ra cts ( 1, 4, 7 and 28 days). All KBr 
pellets were prepared at the same time t o minimize 
di ff e r ences due t o atmospheric humidity. These spectra are 
shown in Figures 6 through 10 . Di ffer enti al scans, made by 
subtra c ting the spectrum of the or igi na l extr act from that 
of each oxidized extract on a weighted basis, were also 
performed, and are pres e nted i n figures 11 through 14. The 
scans ar e norm al ized based on the basel ine from 2000 cm- 1 to 
500 cm- 1 3nd the aromatic ring s:r etching frequency at 1600 
-1 
cm Here we made the reasonable assumption that the 
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FI GURE 5 . Hydrogen/Carbon and Oxygen/ Carbon Ratios of Oxidized Ext ract 
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Table I X 
Oxygen Content of Soluble and I ns o luble Materials 
Sample Insoluble Soluble 
Or igi nal Mate rial 
9. 1 
day 13.9 11. 8 
4 day ~ 18.8 14.0 
7 day s 19 . 1 16.4 
14 days 20 . 6 20 . 6 
28 da ys 22.4 22.4 
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ar omJ tic carbon-carbon bonds are not broken during oxidation 
of the e xt ract . This normalization techn i que has also been 
appl i ed by Rhoads et al. i n their coal oxidatio n studies.(5) 
2900 
4 -1 The main frequencies of interest were 3 00 cm (O-H) , 
-1 
cm ( ) -1 ( ) 4 -1 ( C-H aliphatic , 1700 cm C=O , 1 50 cm C-H 
aliphatic), -1 ( ) -1 (C 1250 cm C-O aromatic, and 1025 cm -0 
aliphatic). A c hart o f relative 3bsorbance i ncrea ses and 
decreases is shown ir. Table X. These values are based on 
the subtraction sca ns, and the units of measurement are 
centimeters of peak heig ht. All abscissa were set to the 
same scale . 
-1 4 - 1 A decrease in C- H absorption at 2900 cm and 1 50 cm 
i nd icates a loss of aliphatic carbon and hydroge n, which 
agrees with the elemental analy sis . This result also agrees 
with prev ious work of Rh oads et al . (5) 
A decrea se i n O-H absorption at 340 0 -1 cm indicates a 
lo ss of phenolic hyd r ogen . This can be accounted for if the 
phenolic grou ps are reacting with carboxylic a cids or 
hydroxyl groups to form esters or ethers , as s hown be :ow. 
0 0 
I /1 I 1/ 
- C-OH + HOC- ---> -C -OC - • H2 O I I 
I I 
- C-OH + HO-C - ---> -C-O-C- + H2 O I I 
We believe the format io n of es t e rs is more probable since 
this would have a lower activation ene r gy. The fo rmati on of 
esters requires that a signific ant concentration of 
carbo xylic ac ids are formed dur i ng oxidation . We have no 
evidence for this, bu t Rhoad s e t al . have observed formation 
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TABLE X 
Changes in Absorbanc~ at Various Frequencies 
Sample 3600 ~rn -1 2900 ern -1 1700 ern -1 1450 ern -1 1250 ern -1 1025 crn-
1 
(neg) (neg) (neg) 
1 day 0.7 3.1 2.7 1.7 0 1.3 
4 days 2 .0 4.4 4. 8 2.1 0 2.0 
7 days 2 . 8 7 .0 8.2 4.0 1.9 1. 4 
28 days 3.6 8 .0 13 .0 4.4 3 .0 1.4 
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of carboxylic acids duri ng oxi d a t io n of a b i tum i nous coal at 
140 0 C. ( 5) We, th e refore , belie v e th a t f o rm ation of esters 
is a reasonable pathway fo r loss of pheno li c hydroxyl gro up s 
du r ing cxidation of t he e xtr act . 
The formation of es t e r b o nds betwe e n coal molecules 
s h o u ld result i n de cr ease d so lvent extractab i lit y of the 
o x i d ized ex tr act . Ac cord i ngly, we have p l otted the 
py ri d i n e - extr act ab i l i ty o f t h e ox i diz e d extrac t against the 
i ntensit y of t he OH abs o rbance l os s obta i ned f r o m t h e FT- IR 
di ff erence spectra . The r es u lts are shown i n F i gure 15 . A 
good co rr el at ion clea r l y exis ts, wi th the extracta b ilit y 
decreasi ng wit h increased lo ss o f pheno l ic hyd roxyl g ro ups . 
Th e r el a tions h i p app e ars to be l inear after four day s of 
o x i da tio n. Note also that the swell i ng of the pyr i dine -
i nsolu ble oxi dized extrac t correlat e s with loss of phen oli c 
h yd ro xy l groups. Both of thes e res ults suggest that 
f o rmati on of esters is an important crosslinking r ea cti o n 
occ urr i ng dur i n g ox i dat i on that lea d s to decreased 
sol ub ili ty and swelling . 
An inc r eas e i n th e C=O absorp t ion at 1700 
o bs e rv e d, c on s i stent with previous st udies . 
- 1 
cm is also 
This resul t 
a g r ees with t h e i nc r e a s e in oxygen conte nt seen in the 
ele me nta l analys i s . This peak may be attributed to various 
c arb ony l conta i ning functio na lities including aldehydes, 
ket o nes, carboxy li c acids, and esters. The bl'oad nature of 
this peak does not allow for di fferentiation between these 
groups ; howe ve r , a sm a l l side peak at 1765 cm- 1 ~an be seen 
i n the early stages of oxidation, which has been attributed 
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t o aromati ~ e ste rs by Paint e l".(7) The formation of aromatic 
es t er s would b e consistent with the obse rved loss of 
ph enol i c hydroxyl gr oups discussed abo ve. 
Increases at 1250 - 1 are attri but e d t o an increase i n 
-1 
aromat i c C-O content. Increases at 10 25 cm are du e to an 
increas~ in aliphatic C- O content . Th ese i nc rease s may be 
tied to the forma t ion of et her link a ges . The increa ~ e at 
1250 cm- 1 is e v idence that oxi datio n of aromatic , 3S well as 
aliphatic , carbon occurs. So me of th e increase in c-o 
cont e nt , whether aromatic or a liphatic, may be attrib uted to 
an increa se i n es t er linkages . It is n o ted that the 
a l iphatic C- O conte n t in c reas es immediately, and rema i ns 
consta nt after one day , whil e the aroma t i c C-O content does 
not appear to increase until one week ha s passed. This 
result is co nsistent with the expectatio n that aliphatic 
ca rb o n i s more e as il y oxidized than aromatic carbon . In 
s ummary, i ncr ease d C-O content would lead to increased 
cr ossl ink i ng ei ther through th e formation of ethers or 
esters . 
CONCLUSIONS AND SUGGESTIO NS FOR FURTHER weRK 
Certain observations may be drawn from the data 
pres e nted. First , a rapid decrease in the extractability of 
the ma terial is noted, which levels off after two weeks. 
This result suggests that crosslinks ar e forming . 
Crosslinking does not occur unless air is present. The 
solvent s welling value of the insoluble portion also 
decr e ases continuall y, in d icating that the initially 
crossli nk ed p ortion which becomes insoluble undergoes 
fur t her c rosslinking. The elemental analysis shows a net 
decrease i n carbon and hydr oge n, and a net increase in 
oxygen, which is explained by ox i dation of the material . It 
i s interesting to note that the oxygen is preferentially 
concentrated in the insoluble material during the first 
week, when the major crosslink i ng react io ns appear to occur. 
Th is also ind ic ates that oxidative crosslinks are forming. 
Final l y in the FT-IR analy s is we see the decrease in 
aliphatic C-H bonds, whi ch agrees with the results of the 
elemental analysis . A de cre ase in the O-H content is 
readily explained by the formation of es ter linkages. The 
increase in C=O content can also be partially attributed to 
an i ncrease in carboxylic content , which can then react with 
phe nols to form more ester linkages . The side peak that is 
seen in the scans of the early oxidized material at 1765 
-1 cm is attributed to aromatic ester formation and with 
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greater resolution migh t b e s e en i n later samples. The 
immediate increase in aliphatic C-O. as well as the later 
increase in aromatic C-O . are attributed to ether formation. 
which would also produce crosslinks. 
It may be i n terpreted from this work that ester 
crosslinks are formina. re s ult i ng in decreased solubility 
and solvent swelli ng va l ues. Ethers may also be im portant 
to crosslinking . particu larl y in the i nitial stages wher e an 
immedi ate i ncr e ase in aliphatic C-O content is seen. 
Aliphatic eth er formation may actually have a lo wer 
ac tivation ene rg y. with ester formation being pr efer red at 
h ig h e r tem p e rature s . Further work in this area should 
concentrate on determining the amount of crosslinking due to 
esters vers us the amount due to ethers. 
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